In this work we investigated the effect of sodium salts of different monovalent anions belonging to the Hofmeister series on Langmuir monolayers of DPPC (1,2-dipalmitoyl phosphatidylcholine). The salts used were NaCl, NaBr, NaNO 3 , NaI, NaBF 4 , NaClO 4 and NaSCN. The monolayer phase behavior and the morphology and structure of the lipid phases were studied by surface pressure -area isotherms, Brewster Angle Microscopy (BAM), Grazing Incidence X-ray Diffraction (GIXD) and Infrared Reflection-Absorption This intriguing result is discussed in terms of the possible modes of interaction of anions with lipid interfaces.
Introduction
The Hofmeister series of ions was initially established more than a century ago, when it was found that (a) the log(solubility) of many proteins in electrolyte solutions depends linearly on electrolyte concentration, and that (b) a different log(solubility) vs. salt concentration curve is obtained for each electrolyte. Anions were found to have a much stronger impact on protein solubility than cations. The anionic Hofmeister series orders anions with decreasing saltingout potency from left to right, and is as follows: It must be noted however that occasionally the order of anions in the series can be slightly different, depending on the phenomenon under examination. Numerous experiments over several decades have shown that the Hofmeister series plays significant roles in a dramatic range of biological and physicochemical phenomena, affecting the solubility of hydrophobic solutes in water, the cloud points of polymer and surfactant solutions, the action of ions on ion-channels, the activities of various enzymes, and the surface tension of electrolyte solutions to name just a few examples. 1, 2 After one century of research, the precise origin of action of the Hofmeister ions has not been clarified. [1] [2] [3] Current ideas about the nature of specific salt effects vary: Many biologists still believe that ions act by modifying the structure of water close to biological interfaces. 4 Others believe that the specific effects consist mainly of salting-in or salting-out of specific surface groups, 3, 5 and that these interactions are watermediated. 6 Using such arguments it would be hard to explain the well known specific ion effect on the surface tension of electrolyte solutions. 3, 7, 8 A recent proposition attempts to explain ion specificity by invoking dispersion interactions of ions with surfaces. 8 An alternative qualitative model argues that ion specificity arises as a result of the fine balance between ion-water and water-water interactions. 9 A similar point is made by recent computer simulation studies using Monte Carlo and Molecular Dynamics, which emphasize hydration interactions and examine specific effects of ions on the hydrogen bond network of water. 10, 11 It is safe to say that to date no consensus exists for the mechanism of specific ion effects, and it remains largely unclear whether ions act through precisely defined, specific, local interactions, or through more delocalized collective interactions. Elucidation of the mechanism of action of the Hofmeister ions in a particular experimental situation will provide valuable insights for a multitude of ion-specific phenomena, and will have a strong impact on biology and chemistry. In particular, the following important questions that remain unanswered today must be addressed: comparison of interfacial models of ion binding. In addition, the coexistence of various twodimensional phases on the water surface provides a unique opportunity to study ion-lipid interactions as a function of lipid chain packing and ordering under very well-defined conditions dictated by the surface pressure. [12] [13] [14] [15] Apart from being one of the major components of the cell membrane, DPPC was chosen because it is zwitterionic hence its interactions with anions will not be completely dominated by strong Coulomb interactions.
Langmuir monolayers of DPPC have been studied with a vast array of methods over the past few decades and are very well characterized. The development of many new experimental techniques that provide details on the structure, ordering and morphology at the mesoscopic and the molecular level, such as grazing X-ray scattering, 15,16 fluorescence microscopy [17] [18] [19] and Brewster angle microscopy, 20-22 renders DPPC monolayers especially attractive for our purposes.
The goal of this investigation is to obtain structural information showing the precise effects of the anions on the lipid interfacial structures, and eventually obtain meaningful and 38, 39 In old work with very low electrolyte concentrations in the subphase it was concluded that "anions do not affect the surface pressure of lecithin monolayers in any significant way". 29 The recent molecular simulations of zwitterionic phospholipid bilayers in contact with electrolyte solutions typically place the emphasis of the investigation on lipid-cation interactions, [40] [41] [42] an important exception being the very recent work of Sachs and Woolf, 43 who discuss anion penetration into zwitterionic lipid bilayers, and conclude that large anions can penetrate more deeply into the bilayers and be somehow stabilized in the hydrophobic environment.
Our study provides a fresh look into the interactions between anions and monolayers in several respects. We examine the effects of anions on zwitterionic lipid monolayers in a systematic way, using several sodium salts of anions that cover the chaotropic side of the Hofmeister series. Sodium salts were chosen because sodium is thought to be an indifferent cation in the lyotropic series. 9 We use a range of ion concentrations in the subphase, and apply the modern methods of Brewster angle microscopy (BAM), Grazing Incidence X-ray 
Materials
The phospholipid DPPC (1,2-dipalmitoyl-sn-glycero-phosphocholine) was obtained from
Avanti Polar Lipids, and used without further purification. Chloroform (p.a. grade, Merck, Germany) was used as a solvent to prepare 1 mM solutions of DPPC. All sodium salts were purchased from Sigma-Aldrich with purity > 99%, with the exception of the salts NaBF 4 and NaSCN, the purity of which was > 98%. All salts were baked in an oven at 300 C for 2 hours prior to solution preparation. Salt solutions were prepared using ultrapure water (specific resistance of 18.2 MΩ cm) produced by a Millipore reverse osmosis unit.
Methods

Pressure-area isotherms of Langmuir monolayers
Isotherm measurements were carried out with a KSV 3000 Langmuir trough (KSV necessary to obtain an accurate average isotherm.
Brewster Angle Microscopy (BAM)
A Brewster-angle microscope (BAM2 from NanoFilm Technology, Göttingen, Germany) was used to study the morphology of the lipid monolayers. The lateral resolution of the BAM2 with a 20 mW Laser of wavelength equal to 514 nm is 2 μm. Because the Brewster-angle changes with the refractive index of the subphase, which is influenced significantly by electrolytes, special care was taken to identify the correct Brewster-angle especially for salt solutions with high concentration. The Brewster-angle was always > 53.5°.
Grazing Incidence X-ray Diffraction (GIXD)
Grazing incidence X-ray diffraction was performed using the liquid-surface diffractometer at the undulator beamline BW1 at HASYLAB, DESY, Hamburg (Germany) 
Infrared Reflection-Absorption Spectroscopy (IRRAS)
IRRAS spectra were recorded using the IFS 66 FT-IR spectrometer (Bruker, Germany) equipped with a liquid nitrogen-cooled MCT detector. The IR beam was conducted out of the spectrometer and focused onto the water surface of the Langmuir trough. A detailed description of the instrumental setup has been given elsewhere. 46 The angle of incidence of the IR beam, polarized by a BaF 2 polarizer in the plane of incidence (p) and perpendicular to this plane (s), with respect to the surface normal was 40° or 62°. The spectral resolution was 8 cm -1 . Measurements were made by switching between two troughs at regular intervals using a trough shuttle system controlled by the acquisition computer. One trough contains the monolayer system under investigation (sample), whereas the other (reference) is filled with pure subphase. The spectra from the reference trough were subtracted from the sample spectra in order to eliminate the water vapor signal. To maintain a constant water vapor content the
Results
Pressure-Area Isotherms
Different sodium salt solutions with concentrations between 0.1 and 0.5 M (and sometimes up to 1.5 M) were used as subphases for the monolayer study. Figure 1 illustrates the influence of different concentrations of NaI on DPPC monolayer isotherms. We obtain approximate straight lines, the slopes of which follow the Hofmeister series. In most cases we provide the error bars of the experimental points to make clear that we are observing a genuine effect that is beyond experimental uncertainty. The general conclusion from Figures 1 to 3 is that the effect of anions on the DPPC isotherms is substantial. It appears that the LE phase is stabilized in the presence of high concentrations of salts in the subphase. What happens to the LC phase is examined below with methods that can yield information at much shorter length scales.
Domain Morphology -Brewster angle microscopy
The Brewster angle microscope allows direct observation of the nucleation and growth and the final structure of the condensed-phase (LC) domains of lipid monolayers. 20 The morphology (size and shape) of DPPC monolayer domains in particular has been thoroughly studied over the past 20 years with fluorescence [17] [18] [19] [20] and Brewster angle microscopy. 21, 22, [47] [48] [49] We have obtained BAM images of DPPC monolayers on subphases containing sodium salts of various anions with concentrations ranging between 0.1 and 1.5 M. An image of a DPPC monolayer on a pure water subphase at the same area per lipid is also added for comparison. Although some differences between various electrolytes can be discerned, the overall impression from Figure 4 is that the shapes of the domains are not very sensitive to the specific salt in the subphase. The shape of the domains loses its characteristic "triskelion" geometry as the NaI concentration increases and becomes more rounded but still not isotropic. Since the observed differences are rather small however, we did not consider it necessary to analyze domain shapes to obtain their characteristic descriptors according to recently developed methods.
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Interpretation of BAM pictures is not easy, since they have been found to depend on the rate of compression of the monolayer, but the general consensus for lipid monolayer domains is that their shape is determined by the competition between line tension and electrostatic interactions, the former favoring rounded domains and the latter more elongated domains. 
Grazing Incidence X-ray Diffraction
GIXD was used to obtain information about the two-dimensional packing and the chain tilt of DPPC molecules at the air-water interface in the presence of NaBr or NaI in the subphase.
Measurements were made at 22 °C at surface pressures of 15, 25, 35, and 45 mN m -1 and for salt concentrations of 0.5 and 1.5 M. Br -and I -were chosen as the anions because they were found to affect the pressure-area isotherms ( Figure 3 ) to a different extent, Br -perturbing the monolayers less than I -, which is more chaotropic. In general, the measured scattering curves can be described by either two or three Bragg peaks. In the first case the in-plane lattice is orthorhombic, while in the second case the lattice is oblique. However, if we use three Bragg peaks, the two peaks at higher Q z are strongly overlapping and can be resolved only by a fitting procedure. Such a scattering pattern implies that the oblique lattice of tilted alkyl chains is very close to orthorhombic packing. 15, 16 The calculation of lattice parameters and chain tilt gives so similar data in the two cases that we decided to use a rectangular unit cell for simplicity. The calculated lattice parameters a, b and γ of the DPPC chain lattice and the tilt angles for DPPC monolayers on 0.5 and 1.5 M salt solutions are presented in Table 1 , in which we also list the data for a DPPC monolayer spread on a pure water subphase for comparison. Table 1 reveals that the DPPC liquid-condensed phase is very little affected by the presence of high Br -concentration in the subphase. The cell parameters, the chain tiltangle and the unit cell distortion are very similar in the presence and the absence of NaBr.
This can also be seen in Figure 6 , which shows the scattered intensity as a function of the in- The GIXD results imply that Br -ions do not penetrate into or bind to the LC phase, because in that case we should observe significant changes of the unit cell parameters. Interestingly, in all cases the diffraction pattern with distinct peaks at low surface pressure changes to a pattern with the scattering intensity more distributed along an arc. The reason for such a change could be that at low pressure the molecules are able to pack in a lattice with defined tilt angle and tilt direction. Pressure increase leads obviously to packing problems, and such an intensity distribution can be described by assuming a fixed tilt angle but a variable tilt direction.
Measurements on NaI solutions reveal some additional special features. On a 0. However, there could be also another explanation, which is supported by the results obtained at higher salt concentrations. Much less scattering is observed using 1.5 M NaI even at the highest surface pressure examined (45 mN/m). Additionally, only one broad peak close to zero Q z can be seen (Figure 7 ). This shows that the LC phase is strongly disturbed. One reasonable explanation, especially considering the isotherm results and the IRRAS experiments, is that radicals produced by the high energy X-ray beam lead to an oxidation reaction producing iodine. Iodine itself can penetrate into the hydrophobic region of the DPPC monolayer and disturbs the packing properties to a large extent.
Infrared Reflection-Absorption Spectroscopy
Infrared Reflection-Absorption Spectroscopy ( and the asymmetric CH 2 decreases from 2924 to 2919 cm -1 indicating an increase of trans over gauche conformations and a higher degree of order. 54 The frequencies observed (Table   2) show that up to 25 mN/m the order of the hydrocarbon chains is decreased in presence of I -with respect to that of DPPC molecules on pure water indicating a higher content of gauche conformations. This is a further proof that I -ions in the subphase enhance the stability of the disordered LE phase of DPPC monolayers. At higher lateral pressures, the same stretching frequencies (hence the same conformation of the alkyl chains) as on pure water (all-trans conformation) are observed. This observation suggests that I -anions do not affect the LC phase, which is recovered unchanged at high pressures. However the LE/LC phase transition pressure in the DPPC monolayer increases with increasing concentration of I -ions. 
Discussion and conclusions
As shown in Figures 1 to 3 , the addition of electrolytes in the subphase of DPPC monolayers leads to a general increase of the surface pressure at a fixed molecular area and the main transition pressure π t , which depends on the salt concentration and the type of anion in the subphase. The general increase of the surface pressure for all electrolytes implies that the salts adsorb at the DPPC monolayer in some way. There is an interesting contrast between the present results and the quantitative results of anion adsorption at oil/water microemulsion interfaces. 58 The initial slopes of the approximate straight lines of Figure 3 are useful "Hofmeister" parameters and can be plotted against other such parameters. We have plotted these slopes as a function of the Henry's law constants for anion adsorption to microemulsion interfaces, reported in Ref. 58 . This plot is available as Supplementary material of this article.
Although there were only four common anions in the two investigations, the correlation is excellent. The Henry constants can be negative (some anions are repelled from the microemulsion interfaces), while all dπ/dC -C 1/2 slopes in Figure 3 are positive. The excellent correlation implies a similar type of ion-interface interaction in the two cases.
The liquid-expanded phase appears to be favored in the presence of electrolytes. Surprisingly, the shape of the LC phase domains is not strongly influenced by the electrolytes. The fact that in the presence of electrolytes the domains become rounder instead of more elongated implies that the electrostatic term, which determines their shape, decreases in the presence of salt.
This can be understood as a screening effect, and it suggests that anions do not bind to the LC domains. The GIXD results provide definite evidence that the structure of the LC phase is largely insensitive to the type and concentration of anions in the subphase. The different results for high concentrations of NaI are not the result of electrostatic interactions between I -and the PC head group but can be understood by the formation of iodine due to a radicalmediated oxidation reaction, which destroys the chain packing. The IRRAS measurements
show that on a highly concentrated NaI subphase the proportion of gauche conformers in the alkyl chains is much enhanced at low pressure and that the LE/LC phase transition is extended over a wider range of surface pressures.
Air
Water Anion Cation The emerging picture is summarized in Figure 9 . Here we see that ions penetrate into the disordered LE phase more easily, either binding to the lipids or partitioning in the phase in a more delocalized way. On the contrary, the ions do not interact strongly with the LC phase.
The trend of increased surface pressures for the more chaotropic anions can be understood by evoking two different, not necessarily conflicting pictures:
(a) There is preferential adsorption of anions compared to sodium in the head group region, which is greater for the more chaotropic anions. This adsorption may occur either through strong local binding 6 or through dispersion forces. 8 As a result the monolayer acquires an excess of negative charge, and there is an expansion of the LE phase at fixed pressure or equivalently an increased pressure at fixed area.
(b) There is no preferential binding, but the anions are expelled from the subphase and enter the disordered LE phase, because there is a free energy gain for water in this way leading to a net gain in free energy for the whole system. 9 This monolayer penetration is stronger for the more chaotropic ions. This may or may not result in the creation of excess negative charge, depending on the amount of cations that enter the LE phase as well. The crucial result in this picture is an increase of the entropy of the LE phase, which is thus entropically stabilized.
It is important to understand which of the two mechanisms is really acting, because this will strengthen our understanding of the Hofmeister effect considerably. We are currently working on this issue by measuring the monolayer surface potential in the presence of ions and by analyzing the pressure-area isotherms at low surface pressures, at which only the LE phase exists, with a variety of binding and partitioning models. Two pieces of evidence from the previous investigation appear to favor the above described mechanism (b): First, if anions are strongly and specifically bound to the lipids this should happen for the LC phase as well, which would presumably give completely different BAM images and GIXD results. The counter argument is that the LC phase is very ordered and that the positive choline groups are not available for ion binding, being ion-paired to neighboring phosphate groups in the crystal lattice. A second argument is based on the fact that many pressure-area isotherms appear to converge at high surface pressures and that infrared frequencies approach those of DPPC on pure water at high pressures. This implies that ions are "squeezed out" from the monolayer at high pressures, and it is not obvious how this would be possible if strong local binding were happening. Such "squeezing-out" of ions from monolayers was recently observed by Motschmann, 39 and bears a rough connection to the squeezing-out observed for larger hydrophobic molecules as the monolayers surface pressure increases. [55] [56] [57] A strong nonspecific penetration of anions into lipid phases has been found in the recent Molecular Dynamics simulations of Sachs and Woolf. 43 We leave the question open for the time being, as we summarize what has been accomplished in this investigation. For the first time we have carried out a detailed fundamental investigation of the effect of anions on DPPC monolayers at the air-water surface. The effect of the anions was found to be significant and we have tried to understand it by application of an array of methods that provided information at all length scales. The central result found so far is that anions interact strongly with the LE phase, but perturb the LC phase at best very weakly. This conclusion can be stated in the following alternative way: Specific ion effects will be least noticeable on well-organized, "flawless" or rigid interfaces, where the entropy gain from their presence is minimal. 
